One of the principal objectives of molecular biology is to gain an understanding of mechanisms resulting in specific temporal and spacial patterns of gene expression. Among the proteins important in this regard are those containing distinct DNA-binding regions. In Drosophila melanogaster, two classes of such proteins have been identified, containing either homeo box regions or zinc fingers in their putative DNA-binding domains. Homeo box regions were first detected in the antennapedia and fushi tarazu genes and have subsequently been identified in other Drosophila developmental genes (19) . The homeo box elements are conserved in genes of a diverse array of species, and recent experiments have indicated a role for such proteins in mammalian embryonic development (for a review, see reference 20) .
Zinc fingers were first identified in the Xenopus transcription factor TFIIIA (6, 37) . Such fingers have been proposed to bind specific nucleic acid sequences while tetrahedrally coordinating a metal ion (zinc) via conserved cysteine and histidine residues (23, 37) . Zinc fingers have been found in many regulatory genes (2, 16, 32, 58, 62) . A family of zinc finger genes related to Kruppel (Kr) is particularly relevant to the present work. The Drosophila gene Kr is a member of the gap class of segmentation genes, and thoracic and anterior abdominal segments fail to form in Kr mutant embryos (44) . Kr encodes a chromatin-associated phosphoprotein (41) which contains five zinc fingers with the consensus sequence (Y/F)XCX2CX3FX5LX2HX3HTGEKP, in which X can be any amino acid (46) . These consensus features, including the H-C link (the amino acid sequence HTGEKP(Y/F)XC connecting the histidine of one finger to the cysteine of the next), define the Kruppel family of zinc finger genes (49) . Conservation of the contiguous stretch of * Corresponding author.
nucleotides encoding the H-C link has allowed cloning of Kruppel-related genes from D. melanogaster, mouse, and frog by hybridization with Kruppel cDNA at low stringency (10, 47, 49) . Each of these Kruppel family members has been shown to be expressed in embryonic cells, suggesting a role for them in normal development.
Our interest in this family of genes was sparked by the identification of the GLI gene as a member of the Kruppel family (31) . The GLI gene was discovered by virtue of its amplification in a subset of human brain tumors (30) . Sequencing of GLI cDNA clones revealed the presence of five tandem fingers connected by H-C links similar to those of Kruppel. The fact that a structural motif proposed to mediate sequence-specific nucleic acid binding is found both in Drosophila developmental genes and in a gene implicated in human neoplasia suggested that other genes of this class might prove important in normal or disease states. Indeed, other genes important in neoplasia, such as N-NYC (33, 50) , L-MYC (38) , HER-2 (12, 29) , and N-RAS (54), were identified partly through their homology to previously identified oncogenes. Similarly, genes of potential importance in development have been identified through sequence similarity to known developmental genes (e.g., the HOX family of genes in mammals; 11, 34, 35) . We (31) . Three rounds of plaque selection via hybridization and subsequent replating were used before purified DNA from individual plaques was analyzed.
DNA hybridization. After digestion with EcoRI or HindIII, genomic or phage DNA fragments were separated by electrophoresis through 1% agarose gels and transferred to nylon as described (45) . DNA was labeled with 32P by oligo labeling (17) and hybridized as described (61) , except that nonfat dried milk was used (0.5%) (26) Thus, for each of the six loci indicated in Fig. 1 , three sets of clones were generated: the original phage clone, a plasmid subclone with a large insert containing the finger region (Fig.  1) , and small subclones of these plasmids which contained the pGLIMBD hybridizing regions and which were used for sequencing (Table 1) . Two phages contained sequences that hybridized to non-zinc finger regions of the GLI cDNA probe (see text). Subcloning and sequencing of these regions were done in the same way as described above for the finger regions. The large subclone of GLI2 which hybridized to the upstream probe of GLI contained the 1.0-kilobase EcoRI fragment located 7.6 kilobases to the left of pGLI2RR (Fig.  1) .
Sequencing. Sequencing was performed by the chain termination method with modified T7 polymerase (53) . Singlestrand templates were obtained from subclones in Bluescript by using fl helper phage R408 (48) . Most sequences were obtained by using data from both strands. The labeling and electrophoresis conditions we employed precluded sequencing of the terminal 10 to 15 bases at the end of each plasmid insert. Ribonuclease protection. Total RNA was isolated by the acid-guanidium extraction method described by Chomczynski and Sacchi (9) . 32P-labeled RNA transcripts were generated in vitro from the sequencing subclones described above by using T3 or T7 RNA polymerase. Ribonuclease protection was performed as described (63) with the following modifications: hybridizations were performed in a final volume of 10 ,ul; only RNase A at 12.5 ,ug per ml was used; and the RNase A and proteinase K digestions were performed at room temperature for 30 min. Tera-1 cells (18) were obtained-from the American Type Culture Collection. NTera-2 was generously provided by P. Andrews (1) .
Chromosome localization. Southern blot analysis of human-rodent somatic cell hybrid DNA (8, 28, 39, 40) was performed by using inserts from the sequencing subclones described above.
RESULTS
Isolation of GiL-related sequences. To identify GLI-related sequences, a fragment of GLI cDNA encoding fingers two to five was subcloned (pGLIMBD) as described in Materials and Methods. Reduced stringency hybridization with this probe to Southern blots of human DNA revealed several bands not seen at normal stringency (not shown). To clone these sequences, 800,000 recombinant bacteriophage (4.5 genome equivalents) from a human genomic library were screened by using the same reduced stringency conditions. Fourteen phages were identified through this screen. Analysis Qf phage DNA revealed seven unique restriction maps. One set of clones represented the GLI locus, and the others represented six new loci. Comparison of the sizes of hybridizing fragments in the phage clones with those seen in genomic Southern blots revealed that most of the sequences detected in the Southern blots had been cloned.
GLI-related sequences encoded fingers similar to GLI or Kr. Representative phages from each of the six loci defined by restriction mapping were chosen for further study (Fig. 1) . For each of the loci, regions of the phage which hybridized to pGLIMBD were subcloned in plasmid vectors. Sequencing of these subclones revealed open reading frames encoding fingers with H-C links for each of the six loci (Fig. 2) . No in-frame stop codons were found within the fingers. Intronexon junctions were predicted adjacent to the finger regions on the basis of consensus splice sequences (51) .
Analysis of the predicted amino acid sequences showed that the clones could be placed into one of two subgroups. Two of the six loci (GLI2 and GLI3) encoded fingers that were very similar to those of GLI and MGLI (the mouse homolog of GLI). GLI2 and GLI3 had 89% and 84% of their residues in common with GLI in the finger regions, respectively (Fig. 3A) . Over the 50-amino-acid region for which GLI, GLI2, and GLI3 sequences were all available (i.e., from the middle of finger 1 to the amino terminus of finger 3), GLI2 and GLI3 were more similar to each other (92% amino acid identity) than either was to GLI (84% amino acid identity for each).
Alignment of GLI2, GLI3, and MGLI genomic sequences with the GLI cDNA sequence and identification of consen- Table 1 ). Hybridization of plasmid subclones to DNA from human-rodent hybrid panels was used to determine chromosome localizations of the six different loci (shown on the right).
sus splice donor and acceptor sequences allowed prediction of intron-exon junctions. Each of the nine predicted intronexon junction sequences examined showed that the positions of predicted splice junctions within the finger region were exactly conserved (Fig. 3A) . For both GLI2 and GLI3, the sequences predicted an exon extending from the middle of finger 1 to near the beginning of finger 3. For GLI2, the sequence predicted another exon extending from upstream of the middle of finger 3 (where the sequence was truncated during cloning) to the C-terminus of finger 4. The conservation of intron-exon junctions and the conservation of amino acid sequences within individual fingers supported the hypothesis of a common evolutionary origin for this subgroup of genes (the GLI subgroup).
The four other finger-related clones demonstrated amino acid and nucleotide similarity to GLI only in the H-C link and in the other consensus residues (i.e., C-C-F-L-H-H) found commonly in many finger proteins. The H-C link contiguous in the genome. The presence of an in-frame stop codon (asterisk) in the larger fragment of HKR4. the results of ribonuclease protection (Fig. 4) . and the presence of a possible polyadenylation signal (underlined) downstream of the stop codon suggested that these sequences lie at the C-terminus of the HKR4 protein. GLI AA74-107 Kruppel (46) genes are shown at the bottom; the asterisk indicates a translation stop codon. (C) Similarity to GLI in nonfinger regions. Phage from each of the six loci depicted in Fig. 1 were hybridized with GLI cDNA probes corresponding to regions upstream or downstream of the fingers (see text). Subclones containing the hybridizing regions from GLI2 and HKR3 were sequenced. These sequences were aligned with the GLI cDNA and the predicted amino acids were compared. The asterisks indicate positions of amino acid variation.
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accounts for the only contiguous stretch of GLI similarity and thus was responsible for the hybridization to these genes. Inspection of the predicted amino acid sequences of the four clones (Fig. 3B) showed that they were more similar to previously described Kr family genes than to the GLI genes described above. The four loci were therefore named HKR1 to 4 (for human Kruppel-related genes). Some HKR fingers had up to 75% identity with those of mouse (MKRJ, MKR2, [10] ) or Xenopus (Xfin [47] ) Kruppel-related genes.
For example, one of the fingers of HKR4 shared 78% identity with one finger of MKR2 and 75% identity with the finger 34 ofXfin. However, this strong similarity was only observed in isolated fingers, and none of the four HKR genes appeared to represent the human homolog of a previously described zinc finger gene.
Spacing of the first two cysteines within HKR gene fingers (CX2C) differed from the GLI gene fingers (CX4C). In addition, inspection of the finger sequences revealed specific conserved amino acids that distinguished the HKR subgroup from the GLI subgroup (Fig. 3A and B) . Those amino acids that were common to HKR fingers were also common to those of the mouse Kruppel genes (Fig. 3B) . Another difference between the GLI and HKR genes was that HKR had several fingers encoded by one exon, while in GLI exons generally encoded only one complete finger (Fig. 2) . The mouse Kruppel family genes also encode multiple fingers in individual exons (10) .
For HKR4, an in-frame stop codon occurred at the carboxy terminus of a predicted finger, followed by a possible polyadenylation signal (AATAAA) 103 base pairs downstream (Fig. 3B) . Location of a finger region at the Cterminus has also been observed in the Drosophila finger protein gene snail (5) .
Similarity in nonfinger regions. It was of interest to determine whether the six loci described above contained regions of similarity to GLI other than those in the zinc finger GLI2 was found to hybridize to the upstream probe, while HKR3 hybridized to the downstream probe. Genomic sequences from the hybridizing regions of GLI2 and HKR3 were subcloned and sequenced, and the predicted amino acid sequences were compared to GLI (Fig. 3C ). GLI2 and GLI showed 76% identity over a 34-amino-acid region upstream of the GLI fingers (amino acids 74 to 107 of GLI).
Over the same region, MGLI and GLI were identical at all but the first position. HKR3 and GLI shared 56% of residues over a 16-amino-acid region downstream of the GLI zinc fingers (amino acids 441 to 456 of GLI).
Expression of finger-encoding genes. To assess expression, subclones containing finger regions from each of the six loci described in Fig. 1 were used to generate synthetic antisense RNA transcripts. RNA from normal human tissues, a glioblastoma tumor (D245MG [4] ), and two embryonal carcinoma cell lines (Tera-1 [18] and NTera-2 [1] ) were then tested for their abilities to protect the in vitro transcripts from RNase A digestion. The glioblastoma and embryonal carcinoma cell lines were chosen because previous studies had indicated that GLI and other Kruppel-related genes were expressed in analogous cells (10, 31) . Expression was demonstrated for all loci except HKR2 (Fig. 4) . In each case, the length of the protected RNA transcript corresponded to that expected from sequence data (Fig. 2) . The levels of expression in different cell types varied widely among the six loci. GLI2 was found to be expressed in all normal tissues except for placenta, w,th highest levels expressed in testes, myometrium. and kidney. In contrast, GLI3 was found to be expressed in all normal tissues except for kidney and brain, with highest levels in myometrium and lung. HKRI and HKR4 were found to be expressed at detectable levels in all normal tissues studied. while HKR3 was found in all except placenta. For each of the expressed loci, levels of expression were considerably higher in the glioblastoma multiforme or embryonal carcinoma cell lines than in any normal tissue.
Similar sequences in other species. The data on RNA expression showed that five of the six loci contained genes which were expressed in normal adult tissues. Further evidence for the potential importance of these genes was provided by the observation that sequences related to each of the genes were evolutionarily conserved. Human, mouse, rat, chicken, frog, fly, and yeast DNAs were digested with EcoRI or HindIll, and Southern blots were prepared. At reduced stringencies (see Materials and Methods), probes containing finger-encoding regions from each of the six loci identified one or a few prominent restriction fragments in various other species (Fig. 5 and data not shown) . For example, HKRI detected related fragments in mouse and rat (Fig. SA) , whereas GLI3 detected fragments in every species tested (Fig. 5B) . HKR3 identified several fragments in every species except for yeast and frog. Comparison of the sizes of the EcoRI and HindIII fragments identified by each of the HKR loci revealed that each hybridized to a different set of restriction fragments. Therefore, the H-C link, which was present in all six loci, was not responsible for the crossspecies hybridization patterns. Rather, the patterns indicated that sequences within each of the identified loci were evolutionarily conserved separately. For two of the six probes (HKR3 and HKR4), further reduction of stringency Fig. 1 were hybridized with 20 ,ug of total RNA from the sources listed below. After digestion with ribonuclease A. RNA was separated by electrophoresis on denaturing polyacrylamide gels and exposed to autoradiographic film. The plasmid subclones used for protection are described in Materials and Methods. None of the RNA samples analyzed protected HKR2. The sizes of the protected transcripts. shown on the right in bases, correspond to those expected from sequence data and support the intron-exon junction predictions (Fig. 2) . Doublets can be seen in some lanes with the GL12 and HKR4 probes. It is not known whether these resulted from incomplete RNase protection in vitro or alternative RNA processing in vivo. allowed visualization of many additional fragments in all species tested except for yeast (cf. Fig. 5C and SD) .
Chromosome localization of the six loci. The data on RNA expression (Fig. 4) and species conservation (Fig. 5) indicated significant differences among the six loci, and were consistent with the hypothesis that each encoded a different gene. Further evidence for this hypothesis was provided by chromosome localization studies. DNA from human-rodent hybrid panels (8, 28, 40) was used in hybridization studies with probes representing each of the six loci. The six loci were found to be localized to five different chromosomes (Fig. 1) . These chromosome localizations, based on karyotypic and enzymatic analysis of hybrids, were confirmed by syntenic mapping, wherein probes from each of the chromosomes predicted to contain one of the six genes were rehybridized to the same Southern blots, duplicating the initial patterns. Thus, the segregation of GLI2 was concordant with N-MYC on chromosome 2, GLI3 with the epidermal growth factor receptor gene on chromosome 7 . HKRI and 2 with APO-E on chromosome 19, HKR3 with N-RAS on chromosome 1, and HKR4 with C-MYC on chromosome 8.
DISCUSSION
We used a GLI finger probe to isolate sequences from six loci. each of which encoded zinc fingers with conserved H-C links. By analogy with previously characterized zinc finger VOL. 8. 1988 on melanogaster (1 ,ug) .
genes (6, 27, 37) , these probably encode DNA (or RNA) binding proteins which may regulate transcription. At least two of the loci (HKR3 and GLI2) contained sequences related to other parts of the GLI cDNA as well, suggesting that the putative proteins encoded by these loci have GLI similarity aside from that in the finger region. Five of the six loci were found to be variably expressed in several normal adult tissues as well as in embryonal carcinoma cell lines. The genes were mapped to five different chromosomes, and each was evolutionarily conserved. These studies, therefore, document the basic features of a family of human genes which have in common an H-C link connecting zinc fingers. There are probably additional members of this family besides the seven genes discussed here (GLI, GL12, GLI3, and HKRI -2, -3, and 4), since low-stringency hybridization with probes from some of these loci revealed the presence of many restriction fragments (Fig. SD) .
Conservation of DNA-binding protein motifs has allowed isolation of related genes within families in the case of homeo box-containing genes (11, 34, 35) and for two classes of finger proteins, the nuclear receptor family (e.g., estrogen [22] or retinoic acid [21, 43] receptors) and the Kruppel family. The Kruppel family genes have been isolated from several species; some have been isolated by hybridization with Kruppel cDNA (7, 10, 47, 49) , and others have been cloned independently (see Table 2 ). In general, similarity outside of the finger region has not been demonstrated between Kruppel family members (other than the small regions of similarity described in Fig. 3C and in Chavrier et al. [7] ), suggesting a significant diversity of function.
Because of the large number of finger-containing genes, it is useful to subclassify them on the basis of common conserved elements (2, 16, 32) . One major class of finger proteins, termed C2H2 (16), contains several adjacent fingers of the form (Y/F)XCX24CX3 FX5LX2-3HX34HX5. This class is distinguished from other classes of finger proteins by virtue of the fact that the putative metal-binding amino acids are always C-C----H-H, and phenylalanine and leucine residues are present near the finger midpoints. Three subclasses with these features can be defined ( Table 2 ). The C2H2-X5 subclass genes lack any consensus sequence connecting the zinc fingers. In contrast, the GLI-Kruppel gene family members are notable for having a conserved H-C link (HTGEKP(Y/F)XC) present between most fingers (10, 49) .
Identical H-C links are only occasionally found in C2H2-X5
proteins (e.g., between one pair of the nine fingers of TFIIIA). The GLI-Kruppel genes can be divided into Kruppel (C2H2-Kr) or GLI (C2H2-GLI) subclasses, depending on spacing within fingers and other conserved primary sequence features ( Fig. 3A and B ; Table 2 ). Interestingly, the Spl gene was recently sequenced and found to have three zinc fingers with connecting H-C links, which is typical of the GLI-Kruppel family (27) . One finger of Spi fits the Kr subgroup consensus, one finger fits the GLI subgroup consensus, and one finger fits neither. In contrast, the six genes described in this report were clearly divisible into GLI or Kruppel subgroups on the basis of the features described in Fig. 3 and Table 2 . Perhaps reflecting the large size of the zinc finger gene family, characterization of genes from various species has resulted in the isolation of homologs only rarely. Of the genes listed in Table 2 , apparent homologs include only (i) NGFI-A (rat) and EGR-I (mouse) (36, 52) and (ii) GLI (human) and MGLI (mouse) (31) . There were several distinct differences between the C,H,-GLI and C2H,-Kr subclasses. First, the spacing of ami.io acids between the invariant cysteine and histidine residues for C2H2-GLI (CX3GC. .HX34H) differed from C,H2-Kr (CX2C... .HXRXH). Second, exons of the GLI subgroup contained only one complete finger, while exons of the Kruppel subgroup contained several fingers. It has previously been noted that most of the nine fingers of TFIIIA are contained within individual exons (57) . This intron-exon organization of the TFIIIA and GLI subgroup genes gives support to the hypothesis that finger proteins have evolved by gene duplication of a small subunit encoding one finger of approximately 30 amino acids (37) . Another difference was the conservation of amino acid sequence in the finger regions. Although the fingers of HKRI to 4 were almost invariant with respect to certain amino acids common to all Kruppel family fingers (Fig. 3B) , there were variable amino acids at other positions, so that each of the finger domains within HKRI to 4 was unique. This suggests that the DNA-binding specificities or affinities or both would vary considerably among the different proteins encoded by these loci. In contrast, sequences within the finger regions were highly conserved among the GLI genes (Fig. 3A) . If GLI is a sequence-specific DNA-binding transcription factor, as has been demonstrated for a growing list of finger proteins (e.g., TFIIIA [15] , SPI [141, and human glucocorticoid receptor [25] ), then the remarkable similarity of finger sequences among GLI, GLI2, and GLI3 suggest that each may bind to the same or similar sequences. The study of amino acid variation in fingers binding similar sequences may further the understanding of sequence-specific binding. Notably, sequence variations between GLI, MGLI, GLI2, and GLI3 are not found at those finger positions proposed to make sequence-specific contacts with DNA (i.e., those amino acids near the conserved leucine; 3).
Consistent with their putative role in nucleic acid binding and transcriptional regulation, various finger proteins have been shown to be involved in important biological processes. Hunchback (55) and snail (5) play key roles in Drosophila development, and the retinoic acid receptor may be important in morphogenesis of the chick limb (21, 43, 56) . Some members of the GLI-Kruppel family have been implicated in the processes of embryonic development and neoplasia (31, 44, 47, 49 ) ; the transcription activator Sp] acts on a variety of gene promoters in normal tissues (13, 27) . Further study of the members of the GLI-Kruppel gene family described here may prove important to the understanding of transcriptional mechanisms or differential gene expression or both and may be relevant to both normal and pathological states in humans.
